Abstract-In three behavioral experiments using depth-inverted visual stimuli, the factors that contribute to the 'reverse perspective' illusion were measured. The density of linear perspective grid lines was found to induce the illusion most strongly, followed by shading/shadows, and texture/color information. The relative contributions of such pictorial cues to depth perception are similar to those that facilitate the normal perception of 3D space in 2D paintings.
INTRODUCTION
The rules of linear perspective were formalized in the early Renaissance, and ultimately revolutionized the techniques used in painting and drawing. Subsequent art genres have exaggerated (surrealism), partially decimated (cubism) or rebelled against (flatism) those rules to great effect, but the degree of illusory depth has been a central theme in 2D art ever since (Kemp, 1990) . While many variations on the use of perspective have been employed (Willats, 1997) , in 1989 the London artist, Patrick Hughes (2006) , added quite literally another dimension to perspective painting. By working with 'relief' canvases that extend 1 or 2 feet from the back surface of the painting and by intentionally reversing the perspective cues such that seemingly distant objects protrude toward the observer (and seemingly near objects recede), he found that a curious visual illusion is produced. This 'reverspective' illusory trick has since been developed into a new genre of interactive art that has proven critically and commercially successful (Slyce, 1998) .
The essence of the reverse perspective technique is 'depth inversion', similar to the hollow mask illusion (Gregory, 1997; Hill and Bruce, 1993) . Pictures constructed with depth inversion result in visual images that can be perceived as either normal or 'inside out', i.e. they are 'bistable' (Papathomas, 2002) . Unlike the hollow mask, however, the principal attraction of Hughes's art is the illusory motion that is perceived in the image due to observer movement. Hughes himself has remarked that his earlier works were not effective in producing the illusion, but he has gradually developed techniques in which the relevant factors of perspective lines, shadows/shading, and the 3D geometry of the canvas consistently conspire to produce illusory movement. Because the illusion is sensitive to the amount of monocular (pictorial) depth cues, we have been interested in using this effect to study depth perception. By constructing reverse perspectives with varying amounts of depth cues, it is possible to 'titrate' the strength of the illusion and then have observers indicate the conditions under which the illusion is visible.
The reverse perspective illusion
The general construction of reverse perspectives with three protrusions from the flat surface of the canvas is shown in Fig. 1 . Perspective cues are drawn on such structures in order to suggest depth that conflicts with the actual 3D structure. When viewed at a distance where binocular disparity cues are relatively weak (>2 meters), the pictorial visual cues (linear perspective, shadows, etc.) dominate the perception of the picture -which is then seen as a flat picture depicting a 3D scene. When motion parallax (observer motion) is added to the mixture of visual cues, the visual system is presented with inherently contradictory evidence concerning the 3D structure of the object -a contradiction that produces the illusion of motion in the picture itself (Cook et al., 2002) .
The subject matter of Hughes's reverse perspective paintings is architecturaleither interior or exterior spaces familiar to all human observers. Because the dimensions of the objects in such scenes are on the order of meters or tens of meters, Figure 1 . The 3D structure of a reverse perspective stimuli with three protuberances extending from the back surface toward the observer. The perception of the picture is 'bistable' in that, when viewed without observer movement, the pyramidal and wedge-shaped protrusions can be perceived as either protruding or receding.
as distinct from the centimeter dimensions of the hollow-mask illusion, observer movement in front of the painting produces motion parallax effects that are strongly counter-intuitive relative to what is normally experienced when moving in front of buildings. Although observers know for a certainty that they have moved to the left or right (up or down), the visual cues from the inverted structure of the painting indicate the opposite direction of movement. This effect results in a contradiction between what is actually observed (the changes in the retinal image) and what the observer had anticipated would be observed on the basis of the normal motion parallax while viewing solid objects. Most observers report that they perceive motion in the painting itself, both on initial exposure and subsequent to examination of the physical stimulus -despite the fact that they are aware that the painting is stationary.
Pictorial cues
The most obvious pictorial cues that contribute to the reverse perspective illusion are shading, shadows and linear perspective, but another important factor is the number of protuberances in such paintings. Hughes's first three reverse perspectives, created in 1989 and 1990, were 'conceptual' artworks created by depth inversion using only one protuberance (similar to the picture on the left of Fig. 2 ). Although the conceptual argument is adequately illustrated with one such inversion of depth, most of his subsequent works have been constructed with three or more protuberancespaintings for which the motion illusion is noticeably stronger. Indeed, over the course of 18 years, Hughes has gradually abandoned both 1-and 2-protuberance structures. In Slyce's (1998) biography of Hughes, the number of protuberances can be identified in 57 paintings; the earliest 3 paintings used one protuberance, 11 from 1990-1992 used two protuberances, and all subsequent reverspectives used 3 (17 works), 4 (18), 5 (3), 6 (3), 9 (1) or 16 (1) protuberances. Subsequent oneman shows by Hughes again reveal a variety of structures, with a steady decrease in the paintings with 1 or 2 protuberances. In a 1994 show called 'Retroperspectives', one 1-protuberance work from 1990 was shown, together with reverspectives with 2 (11), 3 (11), 4 (1), 5 (1), 6 (2), 7 (2) and 9 (1) protuberances. In a 1996 'Superspective' show, there were reverspectives with 2 (3), 3 (9), 4 (4) and 5 (1) protuberances. Subsequent exhibitions have not included any 1-or 2-protuberance structures: in a 1997 Jeddah show, there were reverspectives with 3 (5), 4 (4), 5 (1) and 6 (2) protuberances, and in a 2003 show ('Whopperspectives') the numbers of protuberances were 3 (15), 4 (3), 5 (2), 6 (1) and 7 (1). . Although the geometrical structure in all four stimuli can be perceived as either normal or inverted (when viewing the 3D objects), the reverse perspective illusion of movement in the picture is significantly weaker or absent with the structure on the far left, but is obtained with all other structures (Cook et al., 2008) . Figure 2 shows 2D images of reverse perspective paintings built with 1, 2, 3 and 4 protuberances. The illusory motion is of course not visible in the 2D images because the existence of 3D structure protruding from the flat surface is the crucial factor that elicits conflict between the (2D) depth cues and the (3D) motion parallax cues. Indeed, in properly constructed reverspectives, the number of protuberances is not apparent, and the visual system works only with the monocular 'pictorial' cues (and motion parallax effects). Interestingly -and consistent with Hughes's artistic experience -we have found that the illusion of counterintuitive movement in the picture is weak in the 1-protuberance structures. A recent experimental study (Cook et al., 2008) has confirmed the intuition that 1-protuberance reverspectives do not reliably produce the perceptual illusion of false motion that is characteristically found when two or more protuberances are employed. While all subjects reported 'depth inversion' of the 1-protuberance structure when viewed at a sufficient distance, most did not experience illusory motion in the picture. That experimental result is highly robust and indicates that the perceptual illusion of motion is distinct from the conceptual paradox presented by depth inversion.
Basic phenomenological studies on reverse perspective have previously been reported by Wade and Hughes (1999) and Papathomas (2002) . We also have reported on the effects of visual field reversals on perception of the illusion due to prism goggles (Cook et al., 2002) . The latter study demonstrated that reversal of motion parallax with such goggles eliminates the illusion only in the direction in which the visual field is reversed (horizontal or vertical). Those results are clear indication that the illusion is caused by a contradiction between motion parallax cues and the painted perspective cues, and have led us to examine more closely the nature of the cues necessary for the illusion. Having developed the necessary techniques for construction of reverse perspective objects of varying size and complexity, we have undertaken an fMRI study (Hayashi et al., 2005 (Hayashi et al., , 2007 and an eye-tracking experiment (Umeda et al., 2006) using similar reverspectives. The present study was designed to further elucidate the perspective cues that lead to this illusion. Since the most reliable illusory motion was found with 3-or 4-protuberance structures (Cook et al., 2008) , we have used exclusively 4-protuberance, depth-inverted structures of uniform dimensions to study the influences of linear perspective cues, shading and shadows.
MATERIALS AND METHODS

Experiment 1 -Strength of the illusion
The first study was done with 24 Japanese undergraduates (16 male; ages between 19 and 21 years), who were asked to evaluate 'the strength of the illusion' (on a scale from 1 [weak] to 10 [strong]) for the nine stimuli shown in Fig. 3 . All stimuli were 41 × 140 × 17 cm in size. They were viewed initially at a distance of 6 meters, but the students were encouraged to approach and examine the paintings freely. As seen in Fig. 3 , the visual cues in the stimuli differed with regard to (1) the color of foreground objects, (2) the presence or absence of shading and cast shadows of the buildings, (3) the presence or absence of linear perspective grid lines, and (4) the complexity of the 3D objects themselves. The paintings were displayed on a wall in fixed positions, as in Fig. 3 , in a hall with bright ambient light (but no direct light, which would produce shadows from the paintings themselves) and with the middle row of paintings at approximately eye level (160 cm). The experimenters demonstrated how to 'dance' back-and-forth and up-and-down to elicit the illusory effect and the students then rated all nine according to the subjective 'effectiveness of the illusion' obtained through self-movement. No further explication of what constituted an 'effective' illusion was given, but the students had no difficulty in making subjective evaluations. The distance measures were obtained as proxy measures for the strength of the illusion.
Experiment 2 -Distance effects
The same stimuli were used in a second experiment with 40 different undergraduates (22 male; ages between 18 and 20 years). In the same hall with bright ambient light, the subjects approached the pictures from a distance of 6 meters, while swaying back-and-forth to obtain the characteristic illusory movement. They were asked to indicate the distance at which the strange motion was no longer visible (generally, at short distances where binocular disparity cues reveal the actual 3D structure of the pictures). They were then asked to move away from the pictures, from a starting distance of 40 cm (where the illusion is not obtained), and to indicate the distance at which the illusion first became visible. Finally, they indicated the distance at which each of the nine objects provided the 'best' illusion. Again, no further description of 'best' was provided.
Experiment 3 -Two photorealistic stimuli
The third experiment was undertaken to test the effects of similar visual cues using photorealistic stimuli, as shown in Fig. 4 . These stimuli were photo montages, each 41 × 140 × 17 cm in size. Ten undergraduates (5 male, ages 19-23) who had not participated in Experiments 1 and 2 were shown how to 'dance' back-and- (See color Plate XIII) The 9 stimuli used in Experiments 1 and 2. All objects were built as reverse perspectives, such that visually protruding shapes (building corners) are actually receding, whereas the points of contact between the buildings and the distant horizon regions are protruding. The manipulated visual cues were: color of the buildings (absent in column 1, present in columns 2 and 3), complexity of the buildings (simple in columns 1 and 2, complex in column 3), shading/shadows (absent in row 1, present in rows 2 and 3), and linear perspective grid lines (absent in rows 1 and 2, present in row 3). forth and up-and-down to obtain the illusory motion effect. They then indicated the distance at which the illusion could no longer be seen when they moved toward the stimuli in steps of 40 cm starting at a distance of 6 meters. Similarly, they indicated the distance at which the illusion was first experienced by moving away from the stimuli in 40 cm steps starting at a distance of 40 centimeters. The viewing was initially done with both eyes open, and subsequently for the left eye and right eye only (counter-balanced among subjects).
RESULTS
Experiment 1
One-way analysis of variance of the results of Experiment 1 showed a significant effect of the different pictures (F (8, 184) = 20.51, p = 0.000). Moreover, paired t-tests showed highly significant differences among the three pictures within each of the three columns in Fig. 3 . In all three groups, the stimuli with shading/shadows had higher ratings than those without (t (23) = −6.21, p = 0.000; t (23) = −2.89, p < 0.009; t (23) = −6.09, p = 0.000) and the stimuli with shading/shadows and grid lines had significantly higher ratings than those with only shading/shadows (t (23) = −3.57, p < 0.002; t (23) = −6.84, p = 0.000; t (23) = −7.37, p = 0.000) (Fig. 5) .
Experiment 2
Analysis of variance of the results from Experiment 2 showed similarly strong effects of the various picture conditions. Significant main effects of Approach versus Retreat (F (1, 39) = 21.10, p = 0.000) and of the Pictures (F (8, 312) = 31.90, p = 0.000) were found, as well as a significant interaction (F (8, 312) = 4.12, p = 0.000). The 'best' distances for observing the illusion were similar to the distances at which the illusion first appeared on Retreat. The subjective evaluation of the strength of the illusion was inversely proportional to the distances at which the illusion disappeared at short distances. This result is consistent with the view that illusory effects are obtained closer to the stimulus for those pictures with more pictorial perspective cues (Fig. 6) .
Experiment 3
Two-way ANOVA of the strength of the illusion for the two photorealistic illusions for both Approach and Retreat distances showed that the Venice illusion was stronger than the Kyoto illusion (F (1, 9) = 6.14, p = 0.035). Both illusions were significantly weaker viewed with both eyes open (F (2, 18) = 42.71, p = 0.000) than with either eye alone, as judged from the Retreat and Approach distances at which the illusion appeared and disappeared, respectively (Fig. 7) . For both pictures, the illusion was visible at shorter distances when viewed monocularly than binocularly, indicating the effectiveness of stereoscopic vision in perceiving the actual structure of the paintings -and thus eliminating the illusion at short distances.
The distances at which the illusion was experienced using the photorealistic stimuli (binocular viewing) were marginally shorter than those using the lesscomplex painted stimuli shown in Fig. 3 . Specifically, the Approach and Retreat distances for the painted stimulus with the most abundant pictorial cues (stimulus 9) were 2.0 and 2.9 meters, whereas these distances were 1.6 and 2.5 meters and 1.8 and 2.7 meters, respectively, for the Venice and Kyoto montages. Since the physical dimensions of both types of stimuli were identical, this difference in the strength of the illusion must be due to differences in the quantity of pictorial cues in the stimuli.
The distance at which the illusion was experienced was significantly shorter for the Venice than the Kyoto illusion for the right eye and both eyes on Approach Figure 7 . The mean distances (D) at which the illusion was first perceived when retreating from the pictures (left) and at which the illusion disappeared when approaching (right). In both cases, the Venice illusion proved more effective than the Kyoto illusion.
(t (9) = 5.11, p < 0.01 and t (9) = 4.61, p < 0.01) and all three conditions on Retreat (t (9) = 4.29, p < 0.01; t (9) = 2.26, p < 0.02; and t (9) = 3.07, p < 0.01). The number of factors contributing to the overall 'realism' of the Venice and Kyoto scenes is of course large and difficult to quantify, but the relative abundance of shading and linear perspective cues is the likely source of the small differences in the distances at which the illusory movement were experienced. In general, the results from Experiments 2 and 3 are consistent with the fact that the mean Approach and Retreat distances were larger for the painted stimuli with fewer depth cues (Fig. 6 ).
DISCUSSION
In the present experiments, the pictorial perspective cues in reverse perspective paintings were systematically varied and subjects were required to give subjective evaluations of the 'strength' of the illusion (distances at which the illusion could be seen). The perception of the illusion was strongly influenced by the presence/absence of pictorial cues indicating 3D depth, namely, the shading of individual objects, the shadows cast by objects onto the background and onto other objects, and particularly by the linear perspective cues within and between objects. In other words, the pictorial cues that conflict with the motion parallax cues (thus leading to the reverse perspective illusion) are similar to the cues that typically produce an illusion of realistic 3D depth in 2D paintings. When the pictorial perspective cues that conflict with veridical perception of the geometrical object are absent or weak, no illusion is seen; but when the perspective cues are strong, the illusory movement becomes apparent. Although quantification of the relative contributions of the various pictorial depth cues that underlie the recognition of the 3D spatial organization of objects in 2D paintings remains an unfinished task, it is likely that such work will be required to answer questions concerning how human beings perceive depth in 2D paintings, drawings and photographs.
Despite the fact that we are anatomically, physiologically and even genetically similar to the apes, human beings have several well-known cognitive skills that have, at best, only faint traces in infra-human species. Language and tool-usage are the two most common examples of how different we are from our Primate cousins, but it is noteworthy that, even though we share virtually identical visual systems, human beings readily see 3D structure in 2D photographs, paintings and drawings, whereas apes trained explicitly on such tasks have significant difficulties ("There is no serious evidence that any animal other than Homo sapiens can manage [this trick]". Neisser, 2001, p. 79) . What are the visual cues in flat pictures that allow us to reconstruct an imaginary 3D world? The answer to this question must be found in experimental psychology, and for that purpose it is essential to quantify the pictorial depth cues that are found in visual scenes. Although 'reverse perspective' artwork, in the manner invented by Patrick Hughes, may be rather narrow as a new genre of art, it may prove to be useful as an experimental tool for exploring depth perception.
